Tensile strain hardening and multiple cracking behaviours of fibre reinforced By increasing the length of PE fibres by 1.5 times significant increase in tensile strain capacity as well as improvement in strain hardening and multiple cracking behaviour of hybrid fibre composites is observed. The addition of sand adversely affected the strain hardening and multiple cracking behaviour of hybrid fibre composites with reduction in tensile strain capacity.
Introduction
Fibre reinforced cementitious composites (FRCC) with tensile strain hardening and multiple cracking behaviour have already been developed [1, 2] . The unique feature of these composites is the closely spaced multiple cracks the width of which are generally much smaller than that of ordinary fibre reinforced concrete. Most of the strain hardening FRCC is limited to single fibre type [2] [3] [4] [5] [6] [7] . Recently, hybrid fibre reinforced cementitious composites exhibiting strain hardening behaviour are also developed [8] [9] [10] [11] [12] . In hybrid fibre composites, two or more different types of fibres are suitably combined to exploit their unique properties. The hybridization of fibres in FRCC can be done in different ways, such as by combining different lengths, diameters, modulus and tensile strengths of fibres. Large macro fibres bridge the big cracks and provide toughness, while small micro fibres enhance the response prior or just after the cracking. Micro fibres also improve the pull out response of macro fibres, thus produce composites with high strength and toughness. Mono fibre composites containing high stiffness fibres normally show high ultimate strength, low strain capacity and small crack width properties, while those containing low stiffness fibres show low ultimate strength, high strain capacity and large crack width properties. A hybrid composite, with proper volume ratio of high and low stiffness fibres, can be expected to show simultaneous improvement in ultimate strength, strain capacity and crack width properties.
In this study, experimentally observed tensile strain hardening and multiple cracking behaviour of hybrid steel (ST) -polyethylene (PE) fibre reinforced cementitious composites is reported. In the first part, different hybrid combinations of ST and PE fibres are studied. The superior performance of PE fibres over ST fibres in strain hardening and multiple cracking behaviour of hybrid fibre composites is observed. The effect of increase in length of PE fibre on the strain hardening behaviour of hybrid fibre composites are also evaluated here. In the second part of the study, the effects of addition of different sizes of sands with different sand/binder ratios on the strain hardening behaviour are evaluated.
Experimental program
Details of the five series of experiments performed in the first part of the study are shown in Table 1 . The first series comprises mono fibre (ST or PE) composites. In the second series, 0.5% ST and different volume fractions of PE fibres were combined. In the third and fourth series different volume fraction of PE fibres were combined with 1.0%
ST and 1.5% ST fibres, respectively. In second, third and fourth series the length of PE fibres were limited to 12 mm while the fifth series used 18 mm PE fibres. Table 2 shows the experimental program where the effect of addition of sand on the strain hardening and multiple cracking behaviour was studied. Three hybrid fibre composites which exhibited strain hardening and multiple cracking behaviour in the first were considered in the second part of this study where 425 micrometer sand with sand/binder ratio of 0.5 was used in the matrix.
For all series, three prismatic plate specimens of 300x75x15mm in dimensions were cast and cured for approximately 28 days in fog room. All specimens were tested in uni-axial tension under displacement control using an Instron testing machine with hydraulic wedge grips. The displacement rate was 0.25 mm/min. Aluminum plates were epoxy glued onto the ends of the specimens to facilitate gripping. Care was taken to ensure proper alignment of the specimens with the machine hydraulic grips. The Instron machine had a fully digital control panel and software to automatically run the tests and collect the load and actuator displacement data. In addition, two LVDTs connected to a data acquisition system were used to measure displacements between two points on the specimen with a gauge length of 140 mm ( Fig. 1) A schematic of the tension test setup is shown in Fig. 1 . Resulting load versus crack opening displacement data were recorded and tensile stress versus strain curves were plotted.
Materials and mix proportions
The cement used in this study was ordinary Portland cement which corresponds to ASTM type I. The physical properties and chemical analysis of cement and silica fume are given in Table 3 . The sand used in this study is fine silica sand with maximum size of 425 micrometers. Properties of steel and polyethylene (PE) fibres are shown in Table   4 . The steel fibres used in this study were straight and of circular cross section. The mix proportions are given in Tables 1 and 2 . The mono and hybrid fibre composites were manufactured in a Hobart mixture.
4.
Results and discussion 4.1 Strain hardening and multiple cracking behaviour of mono and hybrid fibre composites Fig. 2 shows the tensile strain hardening responses of mono fibre composites.
The mono fibre composites with 1.8% or 2% ST fibres show high tensile strength but low strain capacity at peak load. On the other hand, the mono fibre composites with 1.8% or 2% PE fibres shows low tensile strength but high strain capacities at peak load. The high tensile strength and low strain capacity at peak load of composites with ST fibres are due their high modulus while the low tensile strength and high strain capacity at peak load of composites with PE fibres are due to their low modulus.
In Fig. 3 the tensile strain hardening responses of mono and hybrid fibre composites with total fibre volume fractions of 2.0% is shown. The hybrid fibre composites can be seen to lie between those of ST and PE mono fibre systems.
Specifically, the tensile strength of hybrid fibre composites is found to be higher than that of the composite with PE fibres alone, while the tensile strain capacity at peak load is found to be higher than that of the composite with ST fibres alone.
4.2
Influence of PF fibres on the strain hardening behaviour 
Influence of ST fibres on the strain hardening behaviour
The effects of ST fibres content on the ultimate tensile strength and strain capacity at peak load of hybrid fibre composites are shown in Figs. 13 and 14. It can be seen by observing both figures that the ultimate tensile strength of hybrid fibres composites increases with increase in ST fibres contents. However, no clear relationship between tensile strain capacity at peak load and volume fractions of ST fibres in hybrid fibre composites is observed.
Influence of length of PF fibres on the strain hardening behaviour
The tensile strain hardening behaviour of hybrid fibre composites with different volume fractions of ST and PE fibres of 18 mm length is shown in Fig. 15 . The tensile strain capacity at peak load increases with increase in volume fractions of PE fibres of 18 mm length. The number of multiple cracks also increases with increase in volume fractions of PE fibres of 18 mm length (Fig. 18) . 
Effects of addition of sand on the strain hardening behaviour
The effect of addition of sand on the tensile strain hardening behaviour is shown in Fig. 19 . Fig. 19(a) shows the strain hardening behaviour of hybrid fibre composites containing 0.5% ST and 1.3% PE fibres with sand/binder ratio of 0.5. The figure shows that the strain capacity of the composites is reduced significantly when sand is added although the ultimate tensile strength is increased. The adverse effect of addition of sand on the multiple cracking behaviour of hybrid fibre composites can also be observed by It is well established that high sand content resulted in a higher matrix fracture toughness, which in tern increases the first cracking strength of the composite compared to the maximum bridging stress of the fibres; as a result, the condition for strain hardening is violated [15, 16] .
Conclusions
Strain hardening and multiple cracking behaviour of hybrid fibre composites containing different volume fractions of ST and PE fibres of 12 mm length are reported.
PE fibres influenced the tensile strain capacity of hybrid fibre composites. The ultimate tensile strain capacity at peak load is found to increase with increase in PE fibre contents and beyond a particular PE fibre content the strain capacity is decreased. ST fibres, however, contributed in the ultimate tensile strength of hybrid fibre composites.
Significant improvement in the strain hardening and multiple cracking behaviour as well as in the strain capacity of hybrid fibre composites are observed when the length of PE fibres is increased by 1.5 times. The addition of sand adversely affected the tensile strain hardening and multiple cracking behaviour of hybrid fibre composites. Fig. 9 Effect of PE fibre contents on the tensile strain capacity at peak load and ultimate tensile strength of hybrid fibre composites containing 1.0% ST fibres and different volume fractions of PE fibres. Fig. 12 Effect of PE fibre contents on the tensile strain capacity at peak load and ultimate tensile strength of hybrid fibre composites containing 1.5% ST fibres and different volume fractions of PE fibres. 
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